Background: Progression of coronary artery calcification is an important marker for cardiovascular morbidity in end-stage renal disease patients. Therefore, we reviewed the evidence on coronary artery calcification progression in different renal replacement therapies.
Introduction
Cardiovascular disease is the leading cause of death in patients with end-stage renal disease (ESRD), accounting for >50% of deaths [1] . Often this cardiovascular disease burden is linked to the extensive vascular calcifications observed in ESRD patients. Contrasting with the general population, in which vascular calcifications are confined to atherosclerotic plaques in the intima, vascular calcifications also occur in the tunica media of the arterial wall in ESRD patients [2] .
Calcifications of the coronary arteries (CAC) are highly prevalent in ESRD patients and are associated with clinically overt cardiovascular disease [3] . Although CAC has been established as a predictor of mortality [4] , there is an ongoing debate on the implications of CAC progression in ESRD. It has been argued that vascular calcification is merely a healing process and as such does not play a causal role in cardiovascular disease in ESRD [5] . However, even though there is a dearth of evidence to confirm conclusively that CAC progression corresponds with clinical endpoints in ESRD, meta-analytical data on, for instance, phosphate binders suggest that attenuation of CAC progression is reflected by a reduction in mortality [6] [7] [8] [9] .
As for the mechanisms by which vascular calcifications may be linked to mortality, calcifications in the ESRD population presumably carry additional risks besides myocardial ischaemia through associated vascular stiffness [10, 11] , progressive left ventricular hypertrophy, myocardial fibrosis [12] and conductive abnormalities [10] . Although the complex pathogenetic mechanisms have not been fully elucidated, it is tenable that CAC and CAC progression is a portentous sign in patients with ESRD.
Kidney transplantation is considered as the treatment of choice for ESRD, but recipients still suffer from a high cardiovascular risk [1] and CAC is highly prevalent in kidney transplant recipients [13] . Thus far it has not been delineated whether certain renal replacement therapies (e.g. haemodialysis, kidney transplantation, peritoneal dialysis or intensive forms of haemodialysis such as nocturnal haemodialysis) have different effects on the progression of CAC. Therefore, to examine the comparative influence of different renal replacement therapies on CAC progression, we systematically reviewed prospective studies that assessed CAC in patients treated with haemodialysis, peritoneal dialysis, nocturnal haemodialysis and kidney transplantation.
Materials and methods
We conducted a systematic review according to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines [14] and a pre-specified protocol (CRD42016053649). In short, we included all English-, French-, German-, Dutch-and Spanish-language studies that performed two or more repeated CAC score measurements with a scanning interval of !6 months in patients receiving any form of renal replacement therapy, including kidney transplantation. Prospective studies (randomized clinical trials, observational cohorts) studying adult patients 18-75 years old with multislice computed tomography (MSCT) were included. Studies were excluded if CAC scores for different renal replacement therapy modalities were not provided separately.
We searched the MEDLINE, TRIP, and Embase databases for studies published from 1999 to 1 January 2017, as MSCT was introduced in 1999. The following terms were used as MeSH terms (shown in italics) and free text terms: (chronic kidney failure, renal replacement therapy, renal dialysis, hemodiafiltration, peritoneal dialysis, home haemodialysis, kidney transplantation, dialysis modality, coronary artery calcification, progression, advance, change, increase, decrease). The last search was run on 31 March 2017. A complete draft of the search strategy is available as Supplementary data. We also hand-searched bibliographies of relevant publications and used ISI Web of Science to track citations of relevant publications.
One investigator (T.J.) screened for eligibility based on titles and abstracts. We retrieved the full text of any potentially relevant study. Two investigators (T.J. and B.J.) reviewed full texts and independently assessed eligibility in a standardized manner, unblinded for author and journal. Each investigator extracted data using a pilot-tested form. Data on patient characteristics [including age, sex, dialysis vintage, history of cardiovascular disease, diabetes mellitus, phosphate, calcium, parathyroid hormone (PTH), C-reactive protein (CRP), creatinine, blood pressure and body mass index (BMI)], sample size (with second CAC score), type of renal replacement therapy, CAC scores (preferentially in Agatston units [15] ) and follow-up duration were extracted. Whenever more than one study provided data from the same cohort population, we included the study with the most complete data. When data were reported in strata, data were pooled when possible or extracted in separate cohorts. Whenever CAC scores were available at more than one follow-up moment within the same cohort, we used the most complete data on the longest follow-up duration. Studies were excluded when neither CAC scores at follow-up nor other workable measures of CAC progression were provided. Disagreements were resolved by consensus. Twenty-eight study authors were contacted for further information, nine responded and seven provided data that had not been presented in the original publication.
Risk of bias was assessed with an adaption of the Quality in Prognostic Studies (QUIPS) tool [16] . The QUIPS tool evaluates six domains: study participation, study attrition, prognostic factor management, outcome measurement, study confounding and statistical analysis and reporting. A summary judgement of low, moderate or high risk of bias is made based on criteria scored for the domain concerned. For example, we considered risk of bias in study participation high when a highly selected patient group was enrolled as a result of in-/exclusion criteria, or when patient selection was not described at all. We considered risk of attrition bias high when >30% of patients whose CAC was measured at baseline did not undergo follow-up MSCT. We considered the risk of bias in statistical reporting high when CAC scores were reported as mean 6 SD. Further criteria used in risk of bias assessment are available in the Supplementary data. Risk of bias assessment was performed in duplicate (T.J. and B.J.), with disagreements resolved by consensus.
To describe CAC progression, we report the median and (preferably interquartile) range of the CAC score at baseline and at follow-up, with follow-up duration. Because of the fundamentally skewed nature of CAC scores, and consequent heterogeneity in statistical reporting and analysis of CAC progression, it was not possible or appropriate to perform meta-analysis.
Results

Study characteristics
Our search yielded 445 individual citations after discarding duplicates, of which 391 were discarded after reviewing abstracts that made clear these citations did not meet eligibility criteria. An additional four citations were discarded because full texts were not available, and abstracts provided too little data. Full texts of the 50 remaining citations were examined in detail, 29 of which met inclusion criteria and were included in the systematic review. Citation tracking and hand-searching bibliographies of included publications did not bring forth citations that were unidentified by previous searches. Figure 1 displays the study screening and selection process.
Of the 29 included studies (32 unique cohorts), most focused on haemodialysis patients [10, [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] ] (20 studies, 1499 patients) or kidney transplant recipients [30, 33, [36] [37] [38] [39] [40] [41] ] (8 studies, 649 patients), 2 of which investigated both haemodialysis patients and kidney transplant recipients [30, 33] . Three studies (92 patients) investigated peritoneal dialysis patients [29, 42, 43] , one of which also investigated haemodialysis patients [29] . One study (38 patients) investigated nocturnal haemodialysis patients [44] . Six studies were randomized controlled trials [17, 22, 23, 32, 35, 36] (five evaluating pharmacological interventions, one evaluating dialysate calcium), two studies were nonrandomized controlled trials [27, 34] (one of which incorporated a retrospective control group [34] ) and one was a pilot study [25] (all three evaluating pharmacological interventions). The 20 other studies were observational cohort studies. Sample sizes ranged from 7 to 235 and follow-up durations ranged from 6 to 52.8 months. Study characteristics are shown in Table 1 .
Risk of bias assessment
Results of the risk of bias assessment of included studies are summarized in Figure 2 . Many studies did not report the patient recruitment process. Also, inherent to research in the dialysis setting, attrition rates were substantial in many studies.
Frequently subjects that did not complete follow-up were different from subjects that did complete follow-up [17, 24, 32, 33, 36, 38, 41, 42] or were not described sufficiently [18, 21, 23, 25-30, 34, 36-40, 43] . In three publications, renal replacement therapy was described as 'dialysis, not otherwise specified'. Authors of two of these publications confirmed that these cohorts concerned haemodialysis patients only [10, 30] . As the authors of the third publication did not respond, we assumed the third publication concerned haemodialysis patients exclusively as well but consequently adjudged this study a high risk of bias on the prognostic factor domain [20] . Four studies on kidney transplant recipients did not report transplant function [30, 33, 39, 40] . All but two studies reported relatively homogeneous followup durations [18, 31] and two studies reported CAC scores normalized for a 1-year interval assuming a linear increase in CAC [26, 44] . All studies reported CT scanning and CAC measurement procedures. CAC scores were reported in various ways, although most studies reported medians with (interquartile) ranges. Seven studies reported CAC scores as means only [23, 24, 28, 40] , and upon request, authors of three of these provided median CAC scores [10, 30, 44] .
CAC progression in different renal replacement therapies
As can be seen from Figure 3 , median CAC scores were high in the haemodialysis cohorts, ranging from 52 to 1409 at baseline, and progressed to a range of 120 to 1462 at follow-up. One large study on haemodialysis patients did not report CAC scores at follow-up, but reported a median increase of 94 and 149 in two strata (treatment with cinacalcet and low-dose vitamin D or flexible doses of vitamin D, respectively) over a 1-year time span [35] . Remarkably, median CAC scores regressed (1409 to 1333) in one cohort receiving bisphosphonate treatment [34] . Of note, two studies on haemodialysis included only patients with baseline CAC scores !30 [35] or !300 [27] . In kidney transplantation cohorts, median CAC scores were lower, ranging from 0 to 250 at baseline, and progressed slightly to a range of 0 to 366 at follow-up. However, patients in kidney transplantation cohorts were also younger (mean age per cohort ranging from 38 to 52 years) than patients in the haemodialysis cohorts (mean age per cohort ranging from 47 to 68 years) and had a shorter dialysis vintage (mean and median vintages per cohort ranging from 20 to 58 months and 16 to 35 months, respectively) than patients in the haemodialysis cohorts (mean and median vintages per cohort ranging from 3 to 124 and 27 to 54, respectively, disregarding one study on incident dialysis patients [10] ). In addition, two studies on kidney transplantation exclusively included patients with no history of coronary artery disease [36, 37] . The two studies that compared CAC progression between haemodialysis and kidney transplantation reported greater CAC progression in the former group [30, 33] . Yet, haemodialysis patients and kidney transplant recipients were significantly different with regard to baseline CAC scores and other characteristics in these two studies.
In peritoneal dialysis cohorts, median CAC scores were also lower compared with haemodialysis, ranging from 3 to 23 at baseline and progressing to a range of 20 to 84 at follow-up, while median ages (range 52-53 years) and median dialysis vintages (range 18-24 months) were also low. At the same time, the one study that compared CAC progression between haemodialysis and peritoneal dialysis did not find significant differences in CAC progression [29] .
Median CAC scores in the sole study on nocturnal haemodialysis increased from 0 at baseline to 3 at follow-up. Here, mean age was 43 years and mean dialysis vintage was 45 months.
Discussion
In this article we systematically reviewed the current literature on progression of CAC in different renal replacement therapies. CAC progression is observed in every study on patients with ESRD. Overall, the evidence is insufficient to determine the comparative influence of different renal replacement therapies on the progression of CAC. Although progression appears to be slower in kidney transplantation compared with haemodialysis, a proper comparison is hampered by important differences between these patient groups, i.e. lower age, shorter dialysis vintage and considerably lower baseline CAC scores in kidney transplantation cohorts. Moreover, meta-analysis was unworkable due to differences in the statistical reporting of CAC scores and progression. Based on the limited available studies, it is unclear whether CAC progression is different between peritoneal dialysis, nocturnal haemodialysis and haemodialysis.
A major limitation of this systematic review is that reporting methods of CAC scores and CAC progression are far from concordant across studies. CAC scores are highly skewed, while scores of zero are also frequent, limiting the usefulness of common transformations such as log transformation. Furthermore, a lack of consensus on the definition of CAC progression has led to various reporting methods and definitions of CAC progression, e.g. (normalized) absolute or percentage differences [17, 18, 22, 24, 25, 28, 29, 33-36, 38, 40, 41, 43] , at times with varying cut-off values to define progression [10, 19, 21, 23, 37, 38, 42] ; difference in square root transformed CAC [17, 20] ; odds ratios of progression to higher quantiles of CAC scores [26] ; the method described by Hokanson et al. [45] (change in ͱvolume score !2.5 mm 3 ) [27, 31, 37, 39] or the method described by Sevrukov et al. [46] (Agatston score change !4.93 Â ͱbaseline CAC score or Agatston score at follow up >11.6 when baseline CAC ¼ 0) [30, 37] . Previous systematic reviews and metaanalyses comparing pharmacological interventions on CAC progression have used mean (percentage) annualized progression rates [47] , or mean differences [9, 48] , both of which yield biased results. Currently, direct comparisons of CAC scores and CAC progression across renal replacement therapies by metaanalysis are infeasible without individual participant data.
Another limitation of this review is the high risk of attrition bias in many included studies. The risk of attrition bias was high in 16 studies and moderate in 8. This possibly led to an underestimation of CAC progression since-as far as described-patients without a second CAC assessment were generally older and had higher CAC scores at baseline [24, 32, 33, 36, 38, 41, 42] .
In many studies the scanning interval was $6-12 months. As incident haemodialysis patients with low or nil CAC develop minimal to no progression for up to 30 months [49] , it is questionable if the 6-12 months follow-up time is enough to detect CAC progression effectively. Therefore we recommend adequate scanning intervals (>30 months) in future studies.
Considerable CAC progression in peritoneal dialysis was observed in three studies; then again, patients in the peritoneal dialysis cohorts had a lower age, shorter dialysis vintage and considerably lower baseline CAC scores than patients in the haemodialysis cohorts. As phosphate levels, associated with vascular calcification, are notoriously low in nocturnal haemodialysis, one would expect slow CAC progression in nocturnal haemodialysis. Indeed, the only publication on CAC progression in nocturnal haemodialysis found moderate CAC progression. All the same, the evidence to determine the comparative influence of peritoneal dialysis or nocturnal haemodialysis on CAC progression remains insufficient.
From the summary of study characteristics (Table 1 ) and Figure 3 , it is apparent that CAC progressed remarkably more in some cohorts. Generally, mean/median dialysis vintages [21, 29, 33, 41] and mean phosphate levels [21, 29] were high in these cohorts. On the other hand, little to no progression was observed in two kidney transplantation cohorts, with low mean ages, low median dialysis vintages, low mean phosphate levels and a zero median CAC score at baseline [36, 37] . It is likely that dialysis vintage, age and phosphate levels are risk factors for the progression of CAC, which is endorsed by some of the included studies [20, 21, 33, [41] [42] [43] . Further research on the comparative influence of different renal replacement therapies on CAC progression is needed. A suitable design for future studies would be to measure CAC longitudinally in cohorts of different renal replacement therapies that are similar in characteristics such as age, sex and dialysis vintage. Furthermore, we advocate the adoption of a standardized manner of reporting CAC scores and progression. For instance, both the median (interquartile range) and quantiles should be reported for CAC scores and both the median (annualized) progression rates and odds ratios of progression to distinct categories should be reported for CAC progression.
In conclusion, CAC progresses in ESRD patients undergoing any form of renal replacement therapy. As CAC progression is a strong predictor of mortality, and likely has a causal role, it is of the utmost importance to identify interventions that can slow down CAC progression. Given the central role of phosphate in the development and progression of CAC, high-quality research is needed that compares the effects of treatments that can control phosphate levels, such as kidney transplantation, as well as intensive forms of haemodialysis, such as frequent or nocturnal haemodialysis.
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